Renal acid-base balance may become deranged in a number of ways, some of which are the consequence of inherited disorders. Two main groups of distal renal acidopathies result either from a direct inability to secrete acid in the distal nephron (giving rise to type 1 renal tubular acidosis [RTA] ) or as an inherited or functional consequence of hypoaldosteronism, leading to type 4 (hyperkalemic) RTA. In this review, I will discuss one category of the expanding class of inherited renal tubular transport disorders: the primary distal (type 1) RTAs. Though they are relatively rare in Western populations, they occur more commonly in areas of the world where rates of parental consanguinity are high. This has facilitated genetic studies, and the insights gained in understanding their molecular bases have added significantly to our elucidation of normal human physiology. The hope is that these findings may in the future prove relevant to the understanding and treatment of more common disorders and provide new therapeutic avenues.
Intercalated Cells
Many studies, mainly in rodents, have described two types of intercalated cells (IC): ␣ and ␤. ␣-IC are responsible for coupled apical secretion of protons into the urine and reclamation of bicarbonate across the basolateral surface ( Figure 1 ). On the apical surface, the multi-subunit proton pump (H ϩ -ATPase) transfers H ϩ into the urine. It is of the same type as the H ϩ -ATPase found ubiquitously in intracellular organelles, such as lysosomes, which ensure suitably low pH for efficient function (1) . H ϩ -ATPase are composed of at least 13 different subunits, organized into a membrane-anchored V 0 (stalk) domain through which protons are moved and a V 1 head that hydrolyzes ATP. The source of this ATP may well be glycolytic rather than mitochondrial, as evidenced by the recent finding of a physical interaction between the E subunit and aldolase, one of the glycolytic enzymes (2) . At least two of the ␣-IC apical pump's subunits, the B subunit in the V 1 domain and the a subunit in the V 0 domain, have been found to be different, tissue-specific isoforms (v.i.). Thus, apical renal pumps contain B1 rather than B2 subunits (3), and a4 instead of a1 (4) . Being ubiquitously expressed, B2 and a1 may be regarded as housekeeping isoforms. Apical H ϩ -ATPase function, which is inhibitable by bafilomycin (5), is functionally coupled to basolateral bicarbonate exit (in exchange for chloride) via the anion exchanger AE1, described in more detail below.
␤-IC essentially reverse this process. There remains a lack of consensus as to whether ␣-and ␤-IC are molecular mirror images of each other or separate cell types. Apparent plasticity of molecular targeting according to ambient pH and/or acid and alkali load in vivo (6) or epithelial cell seeding density in vitro (7) supports the former theory, but molecular analysis does not (8) . One reason for this disparity is that immunolocalization studies of AE1 that demonstrate basolateral staining of ␣-IC have failed to demonstrate the molecule apically in ␤-IC. Whether this is because of epitope masking of the latter is not known. Two other potential Cl Ϫ /HCO 3 Ϫ exchangers, pendrin and AE4, have been reported and may reside apically in ␤-IC (9,10). Defects in pendrin cause Pendred syndrome of deafness and goitre, but alkalosis is not a feature in either Pendred patients or pendrin knockout mice (9). AE4 has been described apically in ␤-IC of the rabbit (11) but not yet localized within the human kidney. In any event, the acid load provided by an omnivorous human diet dictates that the majority of IC will be acid-secretory (␣), and molecular defects causing human inherited dRTA appear to date to be confined to this cell type.
Animal studies have identified additional P-type ATPase present apically in ␣-IC, which exchange protons for K ϩ (12). In humans, however, the overall contribution of H ϩ /K ϩ -ATPase to ␣-IC function is not clear.
Distal RTA
The cellular basis of almost all human distal RTA is that ␣-IC fail to perform their normal function. This hypofunction most commonly arises as a secondary phenomenon; for example, in the context of drugs or hypo-aldosteronism, when it is referred to as type 4 RTA. In this context, it is usually accompanied by hyperkalemia. In contrast, the term dRTA is usually reserved for that associated with hypokalemia, (type 1 RTA), which most commonly appears in the setting of autoimmune disease, other systemic disorders, drugs, or as an intrinsic defect of the ␣-IC.
At the time of early descriptions, dRTA was thought to be due to back-leak of normally secreted protons across a leaky tubular epithelium. Over the following five decades, it became evident that acid secretion itself is abnormal in most cases, resulting from failure of hydrogen ion secretion. Until recently, the molecular pathophysiology remained somewhat elusive. It is now clear that defective function in at least three components of the ␣-intercalated cell's polarized membrane transporters can cause primary dRTA.
Primary dRTA arises when the collecting duct fails to remove excess acid into the urine. It is therefore biochemically characterized by failure of the kidney to produce acid urine appropriately in the presence of systemic metabolic acidosis in the setting of otherwise normal renal function and was first recognized nearly 70 yr ago (13, 14) . Traditionally, if the metabolic acidosis is compensated such that arterial pH is within normal limits, dRTA can be diagnosed by demonstrating failure of urinary acidification after oral ammonium chloride administration. In view of the unpalatability of this compound, some investigators substitute furosemide (15) , because increased distal sodium delivery should also result in urine acidification (and kaliuresis) under normal circumstances. Walter et al. further refined this by the prior addition of fludrocortisone to provide a mineralocorticoid load. In normal subjects, they showed tight correlation with the results of ammonium chloride loading that was not observed with furosemide alone (16) .
Failure to appropriately excrete the normal nonvolatile acid products of the diet in dRTA results in hyperchloremic metabolic acidosis of varying severity. Primary dRTA is almost always accompanied by variably severe nephrocalcinosis and/or nephrolithiasis associated with hypercalciuria. Urinary citrate is low in dRTA because citrate reabsorption is upregulated in the proximal tubule to provide new bicarbonate (1 citrate ϭ 2 bicarbonate). Abnormal calcium deposition in dRTA is attributed in large part both to this hypocitraturia and to urine alkalinity, but the exact mechanisms for and precise sites of this deposition are unclear. It is also unclear why some patients present with stones but no overt nephrocalcinosis while others display the opposite. Serum calcium and phosphate levels are normal. The chronic acidosis and low bicarbonate result in obligate leaching of bone, resulting in rickets or osteomalacia in severe or untreated cases. The biochemical picture in primary dRTA usually includes hypokalemia, but again the precise mechanism is unclear. The renin/aldosterone axis is activated in dRTA, and sodium reabsorption by more proximal segments is probably impaired; it is therefore accepted that the consequent principal cell upregulation plays a part. In addition, increased K ϩ secretion may be a mechanism for maintenance of electrical equilibrium.
Dominant and Recessive dRTA
Both autosomal dominant and autosomal recessive inheritance patterns have been reported in primary dRTA. The spectrum of clinical severity is very wide, ranging from compensated mild acidosis, absence of symptoms, and the incidental finding of stones and/or renal tract calcification to major effects in infancy with severe acidosis, impaired growth, and early nephrocalcinosis causing eventual renal insufficiency (Table 1 ). In general, though not invariably, patients with dominant (type 1a) dRTA display a milder phenotype than do those with recessively inherited disease. However, growth impairment and rickets may be evident in dominant disease. Erythrocytosis has been noted among patients with dominant disease (17) . In addition, among patients with recessive but not dominant dRTA, a substantial fraction has progressive and irreversible bilateral sensorineural hearing loss (SNHL; dRTA type 1b) (18) . A recent report describes radiologic vestibular aqueductal widening in association with recessive dRTA (19) , but this abnormality is not pathognomonic, also being seen in isolation and in other syndromes such as Pendred and Branchio-Oto-Renal syndrome (20, 21) .
Autosomal Dominant dRTA (Type 1a; MIM #179800)
Three groups have identified ten dominant dRTA kindreds in which affected individuals are heterozygous for mutations in SLC4A1 (22) (23) (24) . This represents the first molecular evidence that anion rather than cation transport function is the major defect in dominant dRTA, and there is to date no evidence for genetic heterogeneity.
In the kidney, AE1 (kAE1) at the basolateral surface of ␣-intercalated cells is an 846 amino acid protein with multiple transmembrane spans (whether 12 or 14 has not yet been completely resolved) (25, 26) . It is encoded by a gene present on chromosome 17, and this same gene gives rise to an Nterminally extended 911 amino acid isoform with a separate promoter, expression of which is confined to erythrocytes (eAE1) (27) . Much of the structural and functional work on AE1 has been concerned with eAE1, which, unlike kAE1, Figure 1 . Molecular contributors to inherited dRTA. A proton pump is depicted schematically at the apical ␣-IC surface. ATP6V1B1 and ATP6V0A4 encode the B1 (light gray) and a4 (dark gray) subunits, respectively. SLC4A1 encodes the heterotopic Cl Ϫ /HCO 3 Ϫ exchanger, drawn on the basolateral side. Substrate for both transporters is provided by the catalytic activity of CAII, which is also present in the proximal tubule and osteoclast.
interacts with cytoskeletal proteins such as 4.2, ankyrin, and spectrin (28) .
Strikingly, a single base change alters the identical AE1 residue, R589, in eight of the ten reported kindreds with dominant dRTA, supporting the importance of this residue in the normal acidification process. R589 lies at the intracellular border of the sixth transmembrane domain of the protein, adjacent to K590. These basic residues are conserved in all the known vertebrate anion exchanger isoforms and are thought to form part of the site of intracellular anion binding. Another missense mutation alters serine to phenylalanine at position 613 (22) within the adjacent transmembrane loop, so this region of the protein is clearly important. A further complex mutation results in a C-terminally truncated AE1 protein lacking the last 11 amino acids (24, 29) .
It is notable that expression of these mutations in Xenopus oocytes did not generally result in sufficient loss of function to make haploinsufficiency the explanation for dRTA phenotype. Furthermore, mutations in SLC4A1 cause the dominant red cell morphologic diseases hereditary spherocytosis and ovalocytosis, including mutations that result in very early termination or frameshift. These are not however usually associated with classical dRTA (30) (and dRTA is not associated with red cell fragility).
It has been suggested that the apparent dominant negative effects of SLC4A1 mutations could be due to mistargeting of the mutant protein away from its normal basolateral location (31) , but there are few data available concerning the motifs or binding partners that might direct targeting. Examination of kAE1's sequence yields some clues. One feature that merits attention is a YDEV motif in AE1's C-terminal tail, which is of the YXXØ type associated with adaptor protein interactions in polarized cells (32) . Two recent reports have suggested that two of the reported mutant kAE1s (R589H and R901X) are retarded intracellularly when heterologously expressed in epithelial cells. These cells were not however polarized; they may not therefore represent the true in vivo steady state situation (29, 33) . The second of these mutations truncates the YXXØ region of the C-terminus, leaving intact the proximally adjacent CAII binding site (34) . We have assessed this mutant protein by expression both in fully polarized MDCK and IMCD cells and found that in mature cells it is in fact targeted in a nonpolarized fashion to the cell surface (Devonald et al., unpublished data).
This finding does not preclude there being additional targeting information in the R589 region of AE1 or motifs governing the interaction of AE1 with other intracellular components. For ex- ample, in addition to CAII, kanadaptin has been shown to interact with AE1 in vitro (35) , but to date there are few data of this sort.
AE1 in Autosomal Recessive dRTA
A few recessive kindreds from Thailand with coexistent hemolytic anemia and dRTA have now been described, with loss-of-function changes in AE1 that manifest in in vitro Xenopus but not red cell anion transport (36 -38) . This finding has resulted in some additional studies investigating the behavior of mutant AE1, because some mutations cause loss of function and others appear rather to result in intracellular retardation. However, whereas the red cell protein glycophorin A, which is not expressed in the kidney, can rescue mutant AE1 trafficking in vitro and may be an important partner in facilitating translocation of AE1 to the red cell surface (36) , its mimic in the kidney remains to be identified. To date, the phenotypic combination of ovalocytosis and dRTA has not been reported in white patients and seems to be confined to Southeast Asia.
The Apical Proton Pump and Recessive dRTA
In contrast, genome-wide linkage analyses in a cohort of mainly consanguineous kindreds, largely of Middle Eastern and Turkish extraction, have localized two genes for recessive dRTA, on 2p and 7q (39, 40) .
The responsible genes have both been identified, accounting for types 1b (deaf) and 1c (hearing) disease respectively (39, 4) . Both encode kidney-specific subunits (in terms of major organs) of the high-density apical proton pump of ␣-IC: the B1 and a4 subunits, respectively (Figure 1 ).
DRTA with Deafness (Type 1b; MIM #267300)
ATP6V1B1, the gene encoding the B1-subunit of H ϩ -ATPase, resides on chromosome 2 and made an excellent candidate gene for dRTA because of its kidney specificity. Screening for mutations in this gene revealed fifteen different mutations in kindreds where almost all the affected individuals had documented bilateral SNHL and in all but one kindred were homozygous (39) . The majority of these mutations are likely to disrupt the structure, or abrogate the production, of the normal B1 subunit protein. We also demonstrated expression of ATP6V1B1 in the human cochlea and in mouse found it at the apical surface of interdental cells and in endolymphatic sac epithelium. Endolymph is a unique extracellular fluid, in that it has low Na ϩ and high K ϩ concentrations (41), which maximize the sensitivity of hair cells. To preserve its pH at 7.4, there is presumably a requirement for proton pumping into endolymph. It is thus assumed that H ϩ -ATPase containing the B1 subunit must contribute to this and that defects in B1 eventually cause irreversible hair cell damage because of ambient electrolyte and pH abnormalities. ATP6V1B1 expression has also been observed in the male genital tract, another site with a particular acidification requirement for sperm maturation (42) .
The recent creation of an Atp6b1 null mouse has unfortunately not helped to evaluate the contribution of the B1 subunit in the ear or genital tract as yet, as these animals have normal hearing and fertility. Although not being spontaneously acidotic (perhaps partly because of their alkaline diet), homozygotes do display a urinary acidification defect when acidchallenged (43) .
It is, however, clear that in humans, the B2 subunit cannot substitute for B1 in either the IC surface H ϩ -ATPase or in inner ear pumps. In each H ϩ -ATPase molecule, three B subunits (either B1 or B2, but not both) associate with three A subunits and several other subunits, to form the catalytic head of the pump that hydrolyses ATP. The B subunit is necessary but not sufficient for this process (44) . The B1 subunit notably contains a C-terminal membrane targeting motif (DTAL) that may be capable of interaction with PDZ domain proteins (45) , and is absent from the ubiquitously expressed and usually intracellular B2 isoform. It is tempting to speculate that this region guides the pump to its final destination. However, the osteoclast surface pump does not contain B1, but this is a highly unusual cell type in which the ruffled border across which acid is secreted is not in fact the apical surface, and it remains unclear how the pump is guided at either location.
DRTA with Preserved Hearing (Type 1c; MIM #602722)
By a similar linkage approach in a cohort of dRTA kindreds in which hearing was essentially normal, the defective gene in this subset of families was found on chromosome 7 (ATP6V0A4). It encodes a newly identified kidney-specific a4 isoform of the proton pump's 116-kD accessory a subunit (4). Previously there had been disagreement as to whether renal proton pumps even contained an a subunit (46, 47) . Although the involvement of the a4 subunit in dRTA shows that it must be essential for proper proton pump function in the kidney, its role within the multi-subunit pump structure is at present unclear. Site-directed mutagenesis studies of the yeast a subunit ortholog Vph1p have yielded some potential functions. Some mutations showed that this subunit is important for the assembly of the proton pump, whereas other mutations had greater effects on ATPase activity and proton transport (48 -50) . These studies suggest that the a subunit is important for both assembly and function of the pump. Indeed by creating chimerae between Vph1p (the a subunit in proton pumps localized to the yeast vacuole) and Stv1p (the a subunit found in the proton pumps of yeast organelles), Kawasaki-Nishi et al. demonstrated that in yeast the amino terminal domain of the a subunit is important for targeting, whereas the carboxyl terminus seems to control the coupling of ATP hydrolysis to proton translocation (51) . Further studies of the mammalian orthologs may be difficult to achieve in vitro, thanks to the complexity of the assembled pump.
Apart from the presence or absence of hearing loss, there do not appear to be major phenotypic differences at diagnosis between recessive patients with ATP6V1B1 and ATP6V0A4 mutations. With longer-term follow-up in our cohort of affected individuals, it has however become notably evident that mild and/or older-onset hearing impairment is present in some but as yet not all of those with ATP6V0A4 mutations who were at first deemed to have normal hearing by audiometry. Consistent with this, we have recently determined that ATP6V0A4 is expressed in both adult and fetal human inner ear (Stover et al., unpublished data).
Treatment of dRTA
Simple alkali replacement (by administration of 1 to 3 mmol/kg per d of citrate or bicarbonate orally) is usually sufficient to reverse most of the biochemical abnormalities and associated bone disease in both dominant and recessive dRTA, leading to the resumption of normal growth. Although additional potassium supplementation is not often required, K ϩ salts are preferable to sodium, as the latter can exacerbate hypokalaemia. However, whereas alkali administration prevents further calcium deposition, it does not appear to either ameliorate or prevent the progression of the hearing impairment (52), presumably because of the anatomic isolation of the inner ear compartment.
Inherited Mixed RTA (Type 3; MIM #259730)
RTA with the characteristics of both proximal and distal tubular dysfunction usually accompanies one form of autosomal recessive osteopetrosis (Guibaud-Vainsel syndrome or marble brain disease). Here, both defective urinary acidification and bicarbonate wasting are usually observed, though the former may not become evident until alkali has been replaced. This condition is characterized by fractures, short stature, mental retardation, dental malocclusion, and visual impairment from optic nerve compression. Basal ganglion calcification may develop. Sly et al. identified loss of carbonic anhydrase II (CAII) as the biochemical defect (53) , and CAII is known to be expressed not only by osteoclasts but in both proximal and distal nephron segments, explaining the mixed acidosis. Lossof-function mutations have subsequently been described (54) . The most common of these involves loss of the splice donor site in intron 2 of CA2, nicknamed the Arabic mutation (55) . The presence of mental retardation and relative infrequency of skeletal fractures is said to distinguish the clinical course of patients with the Arabic mutation from that of patients with other CA2 defects. It is also thought that the bone thinning effect of the coexistent metabolic acidosis in CAII deficiency goes some way to protecting the osteopetrotic bones from the excessive thickening generated by osteoclast dysfunction (56) . Other than alkali supplementation, specific treatment requires bone marrow transplantation (57) . This can reverse the bone phenotype, but has no effect on the RTA. ϩ -ATPase to human renal function are unknown. Data from rabbits suggest multiple subunit isoforms (58) , but neither the subunit isoform(s) present, nor their combination into functioning pumps in the human kidney, have been fully elucidated as yet (59) . H ϩ K ϩ -ATPase are inhibitable by vanadate, and its administration to rats causes dRTA (60) . Vanadate is present in high concentration in the soil in parts of the Far East, which may go some way to explaining the prevalence of dRTA there (61) . A single infant was recently reported who presented with severe hypokalemic dRTA together with hypomagnesemia and normal gastric pH (62) . The authors postulated that an H ϩ K ϩ -ATPase defect could explain the phenotype, but as yet, no human renal disorders of this type have been molecularly characterized.
Further Heterogeneity
Some families with primary recessive dRTA do not link to either ATP6V1B1 or ATP6V0A4. There are numerous other candidate genes for recessive dRTA. These include (1) genes for all the known subunits of the proton transporters; (2) as yet unrevealed novel isoforms of these genes, particularly if they are kidney-specific; (3) genes with products that are required for trafficking of proton pumps to the apical membrane of the ␣-IC; and (4) genes encoding molecules necessary for the generation of protons, absorption of bicarbonate, recycling of chloride, or maintenance of the electrochemical gradient across both apical and basolateral membranes. Many, but by no means all, of these potential candidates have been identified, and developments in the human genome sequencing will undoubtedly facilitate future endeavors. The genetic identification of these natural human disease models has much to teach us about normal physiology and should lead to development of studies in related disciplines.
